The effects of concentrations of methyl ethyl ketone peroxide (MEKP) on the gelation characteristics and the shrinkage properties of solventless polyester varnishes were studied. Activation energies for gelation at different concentrations (0.75, 1.0, 1.5, 2.0, 2.5, 3.0 and 5.0 phr) of MEKP were 56.2, 54.3, 53.9, 51.5, 49.4, 44.0, and 41.6 kJ/mole, respectively. The mechanism of gelation and the kinetic rate equation are proposed to define the possible reasons for the variation of the above-mentioned varnish properties in the presence of the catalyst.
Introduction
Organic varnishes are widely applied in electro technology for both insulating and protective purposes. Insulating varnishes, which have a varying thermal usability, were applied directly to magnet wire and other types of electric conductors. By the proper selection and application of an insulating material, the mechanical, electrical, chemical and thermal properties of a substrate may be radically improved (1) (2) (3) . The term polyester varnish is a generic term applied to the polymerized condensation product which is obtained from the chemical reaction of polyhydric alcohols and polybasic acids. The solventless polyesters are basically unsaturated in nature and can be crosslinked by the action of a suitable catalyst. Solventless polyester varnishes are mainly used in electric insulation, trickle impregnation, coil binding, encapsulation etc. (4) .
In order to be used for the above-mentioned applica-tions, solventless polyester varnishes must be cured either at room temperature or at elevated temperatures by employing a suitable catalyst. In the case of room temperature curing, methyl ethyl ketone peroxide (MEKP), whose decomposition is accelerated by cobalt salts such as cobalt naphthanate, is used as a catalyst (5) .
The effects of MEKP concentrations on gel time, peak exotherm temperature and time taken to reach peak exotherm temperature have been reported. In those studies, the effects of MEKP were studied at the concentrations up to 2% of the varnish weight (6) . To date the effects of MEKP concentrations on the shrinkage properties of varnishes have not been analyzed.
The objective of this study is to examine the effects of up to 5 phr MEKP concentrations on the gelation characteristics, the shrinkage properties and the activation energy for gelation of solventless polyester varnish. 2 2 Characterization 2 2 1 Gel time and peak exotherm temperature Varnish (100 g) was weighed in stainless steel containers (50 mm diameter, 80 mm height and 0.5 mm thickness) and incubated at 25, 35, 45 and 55 in a water bath. After allowing the varnish to attain the indicated bath temperature, 1.0 phr of accelerator was added, and the mixture was thoroughly agitated with a glass rod. Then after adding the last drop of MEPK, the stopwatch was started. The time, when the varnish no longer adheres to the glass rod and pulls away from it, was recorded as gel time (G t ) (7) . Time taken for the varnish to reach peak exotherm temperature (E p T) is defined as peak exotherm time (P t ). For the determination of the peak exotherm time (P t ) at 25 , the container was removed from the bath after the gelation point was reached and kept at 25 in open atmosphere. 2 2 2 Activation energy of gelation In order to measure the activation energy of the gelling process (E gel ) (8-11), the G t values at 25, 35, 45 and 55 were determined. Figure 1 illustrates linear curves that were plotted according to the following equation: Log G t = (E gel / 4.57) (1/T) c, where T represents the absolute temperature of the bath. Activation energies were calculated from the slopes of the different G t vs 1/T curves. 2 2 3 Shrinkage Accelerator (1%) and 1% catalyst were added to 250 g of varnish and mixed thoroughly. The air bubbles were removed by applying vacuum. A small wooden cylinder (6.0 cm diameter, 5.5 cm height and 155 cm 3 volume) of known volume was fixed with the help of a molten wax on a glass plate coated with a thin layer of poly vinyl alcohol releasing agent. The varnish mixture was poured into the container and excess mixture was removed by placing transparent flexible sheet on the cylinder carefully. These cylinders were kept undisturbed for 24 hr. The diameter and height of each of the cast samples were determined with the help of vernier calipers, and their volumes (V) were calculated according to the equation (1a): V = p r 2 h (1a) Where r and h represent the radius and the height of the cured samples, respectively.
Shrinkage was calculated by using the equation 1b,
Where V 1 represents the initial volume of the container and V 2 represents the final volume of cured sample. 
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to be long with low E p T. The low E p T is due to heat dissipation because of prolonged G t as it confirms with already reported finding that E p T is related to G t and E p T will be less and vice versa if G t is more. The E gel were inversely correlated with the MEPK concentration ( Table 2) , which may be explained by the mechanism of gelation proposed below.
2 Mechanism of Gelation
Immediately after MEKP (catalyst) and cobalt naphthanate (accelerator) are added to the varnish, catalyst decomposition started to produce free radicals that facilitate crosslinking. However, as soon as the free radicals are formed, they are neutralized by the inhibitor that has been added to the varnish. No significant polymerization takes place at this stage and the varnish viscosity remains unchanged. This stage is normally referred to as the induction stage (12) (13) (14) (15) . On the other hand, the concentration of inhibitor gradually decreases because of its action on the free radicals.
At the end of induction stage, the concentration of inhibitor gets reduced enough to allow a faster increase in the number of catalyst free radicals. At this time, a considerable number of monomer and polymer free radicals are also being formed, which results in a rapid crosslinking and build up in viscosity. Thus, varnishes loses its fluidity and its viscosity becomes very high. This process is called the gelation stage.
(2a) (2b)
Where R 0 represents primary free radicals and Q represents the pre-added inhibitor. k 1 and k 2 stand for rate constants for redox decompositions of the peroxide catalyst. The action of peroxide radicals on styrene and solventless polyester varnish double bonds can be represented in a conventional manner by free radical polymerization through initiation, propagation and termination steps. Initiation:
(4d) Where S and V stand for styrene and varnish double bonds, respectively. S 0 and V 0 represent polymeric free radicals ending with monomer and varnish, respectively. To discuss the kinetic rate equation for gelation, the following assumptions are made. (i) Since the k 1 and k 2 rate constants in equation 2 are assumed to be the same, cobalt accelerator concentration is considered to remains constant. (ii) Reactions 3 and 4 do not take place to a considerable extent until the inhibitor has been significantly reduced.
- Where I 0 represents the initial concentration of the catalyst.
Since the rate of neutralization of primary free radicals by the inhibitor is instantaneous. The rate of degradation of the inhibitor can be assumed to be equal to the rate of free radical formation.
- After the induction stage, the inhibitor concentration gets sufficiently low to allow a faster production of free radicals. These radicals, now unhindered, will mediate the crosslinking between varnish and styrene that leads to gelation. In the case of a low catalyst concentration (below 1%), the inhibitor will efficiently neutralize the peroxide free radicals and therefore free-radical content will be below the required threshold level for the cure of varnish. In contrast, a catalyst concentration of more than 1% results in a shorter gel time and a good cure of the varnish. That may be the reason why the energy of activation is high for lower concentrations of catalyst and it is low for higher concentrations of catalyst.
After the accelerator and the catalyst are added to the varnish, the free radicals produced by catalyst decomposition attack the double bonds of styrene monomers, and then the double bonds present in the polymer backbone. This phenomenon continues until the whole liquid is convened into a solid three-dimensional inter penetrating network (IPN). Such a gelation reaction is exothermic in nature.
Shrinkage
From the results shown in Table 2 , it is evident that the volumetric shrinkage of varnish increases as the MEKP concentration increases. At higher concentration of the peroxide catalyst more free radical will be available for the addition reaction to the styrene C = C bonds and the formation of a three dimensional network with a higher exotherm temperature. A higher exotherm temperature leads to a more rapid free radical addition reaction, which results in more initial gel conversion. In a similar way, the shrinkage of the gel increased at higher MEKP concentrations ( Table 2 ).
Conclusion
Lower catalyst concentrations (up to 1 phr) are associated with longer G t s, longer cure rates, lower E p Ts, and a high E gel . In contrast, higher concentrations of catalyst resulted in shorter G t s, which is associated with faster cure rates, higher E p Ts, and high shrinkage levels. These properties are optimal for the application of solventless polyester varnishes.
